The Cancer and Leukemia Group B (CALGB) study 9222 tested the hypothesis that treatment intensification of acute myeloid leukemia (AML) in first remission with multiple chemotherapy agents is superior to high-dose cytarabine (HiDAC) alone. We enrolled 474 patients younger than 60 years old with untreated de novo AML. Daunorubicin and cytarabine resulted in complete remission (CR) in 342 patients (72%), and 309 of these patients were randomized to receive one of 2 different intensification regimens. The first regimen consisted of 3 courses of HiDAC. The second regimen consisted of one course of HiDAC, a second course with etoposide and cyclophosphamide, and a third course with diaziquone and mitoxantrone. After a median follow-up time of 8.3 years, the median survival for all randomized patients was 2.8 years (95% CI, 1.9-6.8 years). There was no difference in disease-free survival (DFS) between the 2 regimens (P ‫؍‬ .66). The median DFS was 1.1 years (95% CI, 0.9-1.7 years) for patients receiving HiDAC and 1.0 year (95% CI, 0.9-1.3 years) 
Introduction
The treatment of acute myeloid leukemia (AML) remains unsatisfactory. Although the rate of complete remission (CR) after induction chemotherapy has steadily increased over the past 2 decades and postremission chemotherapy is routinely used, most patients experience a relapse of AML, and eventually die from their disease. Barriers to a higher cure rate for AML include drugresistant disease and treatment toxicity.
Treatment with 7 days of cytarabine (Ara-C) and 3 days of daunorubicin has been a standard remission induction regimen used by the Cancer and Leukemia Group B (CALGB) and others for patients with AML. This regimen produced CR in 71% and 77% of patients younger than 60 years of age enrolled on 2 previous CALGB AML studies. 1, 2 The challenge of translating such remissions into cure for patients with this disease has been the recent focus of clinical research. It was shown in CALGB study 8525 that Ara-C administered as a single agent at a dose of 3000 mg/m 2 (HiDAC) for 4 courses during intensification was feasible for young and middle-aged adults with AML in first CR, but cerebellar toxicity was increased among patients older than 60 years, limiting its utility. 1 Four courses of HiDAC provided significantly longer disease-free survival (DFS) than 4 courses of cytarabine given for 5 days at intermediate doses (400 mg/m 2 ) or conventional doses (100 mg/m 2 ). For patients younger than 60 years old, the likelihood of remaining alive and free of disease after 4 years was 44% after HiDAC consolidation, only 29% after intermediate-dose Ara-C, and 24% after conventional doses of Ara-C (P ϭ .002).
There has been considerable interest in developing chemotherapy programs that might be non-cross-resistant with cytarabinebased treatment. Agents such as diaziquone (AZQ), mitoxantrone, cyclophosphamide, and etoposide (VP-16) have been tested in phase 1 and 2 studies in relapsed and newly diagnosed AML. [3] [4] [5] [6] [7] Brown et al 3 demonstrated that a combination of cyclophosphamide and etoposide in high doses could induce CR both in untreated AML patients as well as in those who had a relapse after previous remission or had proven refractory to HiDAC therapy. Furthermore, previous CALGB studies established the effectiveness of a combination of mitoxantrone and AZQ in producing a second CR in patients with relapsed AML. [4] [5] [6] [7] The feasibility of administering sequential courses of potentially non-cross-resistant multiagent chemotherapy to AML patients 16 to 59 years of age in first CR was explored in a pilot study conducted by the CALGB. 2 After remission induction, patients who were enrolled on CALGB study 9022 received one course of HiDAC consolidation followed by one course of cyclophosphamide and etoposide followed by one course of mitoxantrone and AZQ. 2 The initial patients treated with mitoxantrone and AZQ experienced prolonged bone marrow suppression. However, when the hematopoietic growth factor filgrastim (granulocyte colonystimulating factor [G-CSF]) was given following completion of mitoxantrone/AZQ therapy, the duration of severe granulocytopenia decreased significantly. 2 The current study (CALGB 9222) was designed to test the hypothesis that intensification of AML in first CR with 3 courses of multiagent chemotherapy (MCT) is superior to an equal number of courses of HiDAC alone with respect to the duration of DFS. CALGB 9222 was a direct randomized comparison of a modification of the best consolidation regimen from the CALGB 8525 study (HiDAC alone) and the sequential multiagent "non-crossresistant" consolidation program developed in CALGB study 9022. 1,2 The 2 treatment regimens were also evaluated for differences in toxicity and for effectiveness within biologic subsets of AML.
Patients, materials, and methods

Eligibility
Eligible patients were between 15 and 59 years of age with newly diagnosed AML, morphologically defined as French-American-British (FAB) M0 to M7 by the French-American-British classification of acute leukemias. 8 At least 30% replacement of nonerythroid marrow elements by myeloid blasts was required. Initially, patients with FAB M3 (acute promyelocytic leukemia) were treated on another CALGB AML study using tretinoin, but they became eligible for the current study when that study closed. Megakaryocytic leukemia was diagnosed by ultrastructural peroxidase or appropriate monoclonal antibodies. FAB M0 was defined by morphologically undifferentiated leukemia blasts that were reactive with antibodies against at least one myeloid antigen (CD33, CD13, CD11b, or CD14) and no lymphoid antigens.
Patients were excluded for significant cardiac, hepatic, or pulmonary dysfunction not directly attributable to leukemia. Patients with leukemia known to involve the central nervous system were not eligible. Patients were not eligible if they had received any previous chemotherapy or radiation therapy or had any previous hematologic malignancy, myeloproliferative disorder, or myelodysplastic syndrome.
Treatment plan
Remission induction chemotherapy consisted of cytarabine 200 mg/m 2 daily for 7 days by continuous intravenous infusion and daunorubicin 45 mg/m 2 daily for 3 days by rapid intravenous infusion. A bone marrow aspirate was performed on day 14 to determine the degree of marrow hypoplasia and weekly thereafter until remission status could be determined. If more than 5% blasts remained and if the cellularity were at least 15%, a second induction course was given consisting of 5 days of cytarabine and 2 days of daunorubicin in the same doses described.
Patients achieving CR with adequate laboratory values were randomized to one of 2 postremission treatment regimens. The first regimen consisted of HiDAC given as 3000 mg/m 2 intravenously over 3 hours every 12 hours on days 1, 3, and 5 (a total of 6 doses over 5 days). Three courses were prescribed with each course to begin within 2 weeks after hematopoietic recovery from the preceding course. The second regimen consisted of sequential courses of HiDAC (as defined in the first regimen), cyclophosphamide/etoposide, and mitoxantrone/AZQ. The second intensification course in this regimen was begun within 2 weeks after recovery of normal blood counts following a single course of HiDAC. Etoposide was given at 1800 mg/m 2 continuous intravenous infusion over 25 to 26 hours followed by cyclophosphamide at 50 mg/kg given as a 2-hour infusion on days 2 and 3 for a total dose of 100 mg/kg. Following recovery from this course, patients received AZQ at 28 mg/m 2 in 1 L normal saline by continuous intravenous infusion each day for 3 days together with mitoxantrone 12 mg/m 2 by slow intravenous infusion each day for 3 days. Twenty-four hours after completion of the mitoxantrone/AZQ therapy, patients began G-CSF at 5 g/kg daily by subcutaneous injection and continued this treatment until the neutrophil count exceeded 1500/L for 2 days. Use of G-CSF was otherwise not permitted on this study. No further therapy was given after the final intensification course.
Quality control, quality assurance, and monitoring Institutional Review Board approval was obtained at each participating institution, and each patient gave written informed consent. All data forms were sent to the CALGB Statistical Center, where standard CALGB quality control procedures were followed and data were entered into the official CALGB database. The study chair reviewed the eligibility of each patient as well as all data forms to verify the institutional assessments of toxicity and response.
Members of the Data Audit Committee of the CALGB visit all participating institutions at least once every 3 years to verify compliance with federal regulations and protocol requirements, including those pertaining to eligibility, treatment, response, and follow-up. 9 The medical records of 25 of the 249 patients (10%) treated in this study, drawn from all 25 participating institutions (see "Appendix" for the full list) and their affiliates, were randomly selected and reviewed. The CALGB Data and Safety Monitoring Board (DSMB) confidentially reviewed the data in each of the treatment regimens for safety and efficacy during the conduct of the study. As part of this process, the Statistical Center carried out formal interim analyses of DFS twice a year as described in "Experimental design and statistical methods."
Enrollment and randomization procedures
Patients were enrolled prior to treatment by means of a telephone call to the CALGB Statistical Center. Direct registrations were allowed only from CALGB main member institutions; registrations from affiliates of the main members were made through the appropriate main member. Randomization to one of the 2 consolidation treatment arms was done only after CR was confirmed, and the Statistical Center provided the treatment assignment. The randomization was an unstratified permuted-block design with a preassigned block size of 8. 10 As usual in studies with complex treatment regimens, the treatment assignments were not masked to the patients or treating physicians.
Concurrent laboratory studies
All CALGB acute leukemia studies require confirmatory cytologic and cytochemical studies to be performed on pretreatment blood smears and bone marrow specimens to support the diagnosis of AML. In addition, it was recommended that specimens be submitted for cytogenetic analysis as part of CALGB study 8461 and for immunophenotyping studies, using multiparameter flow cytometry, as part of CALGB study 8361. However, participation in these ancillary studies was not mandatory.
Risk stratification based on cytogenetic abnormalities
Patients randomized to postremission therapy were classified into risk groups according to their pretreatment karyotype, based on CALGB criteria described by Byrd et al. 11 Each patient was assigned to a unique group with respect to risk for cumulative incidence of relapse (CIR). All patients with core-binding factor (CBF) leukemia, that is, t(8;21)(q22;q22), inv (16) For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From abnormalities were not classified because outcomes for these abnormalities have not been determined for CIR. 11 Except for patients with CBF AML, patients with 2 abnormalities of different prognostic significance were assigned to the less favorable group.
Evaluation and response criteria
All patients were evaluated with detailed medical history and physical examination at the initiation of therapy, throughout the induction period, and during each intensification course. CR was defined by National Cancer Institute criteria and required bone marrow cellularity more than 20% with less than 5% blasts and normal myeloid maturation. 12 The response had to be maintained for at least 30 days unless consolidation therapy was begun sooner. The definition of CR also required an absolute granulocyte count more than 1500/L, platelet count more than 100 000/L, and the absence of any leukemia cells in the peripheral blood or extramedullary disease. These same criteria also had to be met before each course of intensification therapy. Patients were considered to have failed to respond to induction therapy if CRs were not achieved after 2 courses of Ara-C/daunorubicin therapy. Relapse was defined as either marrow infiltration with more than 25% leukemia cells in a patient with a previous CR, the detection of leukemia cells in the central nervous system, or any other evidence of leukemic relapse. 12 
Experimental design and statistical methods
The study was designed primarily to compare the distributions of DFS in the 2 randomized treatment groups. DFS was defined to be the time from date of randomization after CR to relapse or death from any cause. This end point was analyzed twice each year using the principles of stochastic curtailment and the calculation of conditional power. 13, 14 Results of these interim analyses were reported confidentially by the statisticians on this study to the DSMB. Based on accrual to previous CALGB AML studies, it was estimated that 150 patients would be entered each year, of whom 90 would be randomized to postremission intensification. In the design, it was assumed that a proportional hazards model would be approximately correct and that a hazard ratio of 1.6 or larger would be the minimal effect size to be detected (2-sided type I error of 0.05, log-rank test). Based on these assumptions, an accrual period of 3 years and a follow-up period of 1.5 years would yield a power of approximately 0.80. Hence, the total sample size was established at 450.
Survival was another end point in this study, defined to be the time from study entry to death from any cause when the interest is on overall survival of all patients, and the time from randomization to death from any cause when the interest is in comparing the survival distributions of the 2 randomized regimens. Median follow-up time is defined as the median survival time of all surviving patients. Survival and DFS curves were based on Kaplan-Meier estimates, and differences between groups were tested using the log-rank statistic. 15, 16 Testing for treatment-covariate interactions was carried out using proportional hazards regression models. Ninety-five percent confidence intervals (CIs) for median survival times were calculated by the method of Brookmeyer and Crowley. 17 Ninety-five percent CIs for survival and DFS probabilities were calculated by the method of Simon and Lee. 18 All reported P values are based on 2-sided significance tests. All comparisons of the randomized regimens used the intent-to-treat principle, including all randomized patients in the analysis, regardless of treatment received or other events after randomization.
Results
CALGB study 9222 was activated in July 1992 and closed in December 1995 with a total accrual of 474 patients from 25 participating main member institutions and their affiliated hospitals. The study did not reach any statistical stopping boundary at any interim analysis during the study and accrual was completed on schedule. One patient received no protocol-specified treatment and was not included in the analysis. Thus, 473 patients were analyzed for this report. The pretreatment characteristics of these patients are given in Table 1 . The median age was 43 years with a range of 17 to 59 years, 52% were men; 77% were white, and 76% had a performance status of 0 or 1. The cytologic evaluation, assessed by central review (by F.R.D.) when available (n ϭ 439) or otherwise by local institutional assessment, included 47% with a FAB classification of M1 or M2 (Table 2 ). In 9 cases, central morphology review changed the cytologic diagnosis from AML to myelodysplasia (MDS) due to less than 30% blast cells counted in the marrow specimen that was submitted. Following the principle of intention-to-treat, these patients are included in all analyses.
Immunophenotyping studies, though not required, were recommended as part of this protocol and were performed on samples of bone marrow or peripheral blood in a central CALGB laboratory. Of the 473 patients, 345 (73%) had samples submitted for immunophenotyping by multiparameter flow cytometry. Antigen expression was evaluable in 301 (87%) of these samples. Cytogenetic analysis was performed in CALGB institutional laboratories on pretreatment samples from 393 (83%) patients. Of these, 323 (82%) were considered adequate after central review (Table 3) . Clonal cytogenetic abnormalities were observed in 56% of all cases. Sixty-one patients (19%) had a favorable cytogenetic abnormality involving rearrangement of a CBF gene, either t(8;21), inv (16), or t(16;16).
Response to induction therapy and postremission randomization
CR was achieved by 342 (72%) of the 473 patients. In 264 patients (77% of the responders), CR was achieved following one course of induction therapy. Ninety patients (19%) failed to respond, discontinued the study regimen, and were followed for survival only, and another 41 patients (9%) died during induction.
Of the 342 patients who achieved CR, 309 (90%) were randomized to one of the 2 intensification regimens: 153 to HiDAC and 156 to sequential MCT. The reasons for not being randomized included early relapse (8), residual toxicity from induction therapy (6), bone marrow transplantation (6), other nonprotocol treatment (5), withdrawal by physician (3), death (2), refusal (1), and unknown (2). Table 4 shows the distribution of pretreatment risk factors in the 2 treatment regimens. As would be expected, the randomized treatment groups had similar distributions of these risk factors.
Tolerance and toxicity of postremission therapy
The number of postremission courses completed on each of the treatment regimens is shown in Table 5 . There were 2 fatal toxicities with the HiDAC regimen (one from respiratory failure and one from infection), and 3 (all due to infection) with the MCT regimen. All patients experienced grade 3 or 4 myelosuppression following each course of intensification therapy. Table 6 lists the nonhematologic grade 3 to 5 toxicities that occurred in at least 10% of the patients in one of the regimens, based on 294 evaluable cases. The toxicity of the postremission intensification was generally more pronounced in the MCT regimen.
Survival and DFS
The overall survival and DFS for all treated patients are shown in Figure 1 . The 5-year survival rate for all 473 patients was 34% (95% CI, 30%-38%). After a median follow-up time of 8.3 years Other single monosomy 1 ( Ͻ 1) del (12)(p11Ϸ13) 2 (Ͻ 1) del (5)(q11Ϸ31q31Ϸ35) 4 (1) Single structural other than those listed above 16 (5) 2 abnormalities other than those listed above 13 (4) 3 or more abnormalities other than those listed above 11 (3) Cytogenetic findings are prioritized in the order listed. Thus, for patients with cytogenetic abnormalities, those with t(15;17) are first identified and removed from further consideration. Among remaining patients, those with t(9;22) are next removed, followed by those with t(8;21), and so forth. As a result, for example, a patient with del(20)(q11) might also have a del (5)(q13q31) For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From (minimum, 3.6 years for surviving patients; maximum, 11.4 years), the median survival time for all randomized patients on study 9222 is 2.8 years (95% CI, 1.9-6.8 years), whereas the median DFS is 1.0 year (95% CI, 0.9-1.3 years; Figure 2 ). There was no difference in DFS between the 2 randomized treatment regimens (P ϭ .66 by log-rank test; Figure 3 ). The median DFS from date of randomization for patients receiving HiDAC was 1.1 years (95% CI, 0.9-1.7 years) and 1.0 year (95% CI, 0.9-1.3 years) for those receiving MCT. The percent of patients alive and disease free 5 years after achieving CR was 35% (95% CI, 27%-42%) for patients who received HiDAC intensification and 30% (95% CI, 23%-37%) for those who received MCT intensification. The results were similar if the 9 patients with acute promyelocytic leukemia (FAB M3) who were randomized were removed from the analysis. Survival by treatment regimen is shown in Figure 4 .
Although there was no evidence of any overall treatment effect, we conducted an exploratory analysis of potential treatment and covariate interactions using standard proportional hazards regression models. The intent was to see whether there was any evidence of differential treatment effects in prognostic subgroups. Pretreatment characteristics such as age, sex, race, performance status, white blood cell (WBC) count, hemoglobin, platelet count, CD56 expression, and FAB subtype were evaluated, and no significant differences were found. Neither DFS nor overall survival were significantly different between the HiDAC and MCT postremission regimens when we analyzed all patients with adequate cytogenetic results or when the favorable, intermediate, and unfavorable cytogenetic risk subgroups were analyzed separately (Figure 5A-F). These analyses were limited by the small sample sizes in most of these subsets. Thus, these subset analyses lack the power to completely exclude a benefit of one treatment arm over the other. Details are not presented, but the only pretreatment variable prognostic for DFS in this study overall was the cytogenetic risk group. Postremission treatment regimen was a nonsignificant factor as expected from the log-rank analysis. Thus, there is no evidence that the treatment effect varies by cytogenetic risk group even though the overall results vary by risk group.
Discussion
AML continues to be a therapeutic challenge. Although most patients under 60 years of age achieve an initial CR after 1 or 2 courses of combination chemotherapy, the majority of these individuals suffer a relapse of their disease within 2 years. Only about one third of those who achieve a CR survive free of disease more than 5 years. The failure to cure more patients with AML is due in large part to the inherent level of resistance to cytotoxic chemotherapy agents within the leukemia stem cells. Various strategies have been developed and tested, ranging from prolonged maintenance treatment with nonmyelosuppressive doses of common antileukemic agents, to postremission intensification using doses that often exceed those successfully used for inducing remissions, to allogeneic stem cell transplantation, exploiting myeloablative chemotherapy and the antileukemic activity of the donor immune system. [19] [20] [21] [22] [23] Barriers to a higher cure rate for AML thus include drug-resistant leukemia, prolonged and repeated pancytopenia, and treatment-related morbidity and mortality.
In a previous CALGB study (8525), 44% of patients younger than 60 years old who achieved a CR after conventional doses of cytarabine and daunorubicin survived free of disease for 4 years after receiving up to 4 courses of HiDAC as postremission consolidation therapy followed by 4 less intensive courses of maintenance therapy. 1 In the present randomized trial, we evaluated the outcomes when a novel regimen that substituted different antileukemia drugs for cytarabine was compared to HiDAC alone for postremission therapy. The trial had sufficient power to detect a hazard ratio of 1.6 between the arms. However, we observed no significant differences in any outcome measure, either DFS or survival, for the 2 treatments, nor was there any evidence of a differential treatment effect in the only important prognostic subgroups as defined by cytogenetics. The latter analyses were limited by small numbers of patients within each subset.
Why did we think that the MCT arm might improve on the outcome after HiDAC alone? The doses and drugs used in the 2 novel consolidation combinations in this study were determined to demonstrate activity in patients with AML in relapse through a series of phase 1/2 trials previously reported by the CALGB or its member institutions. [3] [4] [5] [6] [7] The sequence of HiDAC followed by cyclophosphamide/etoposide and by mitoxantrone/diaziquone was itself tested in CALGB 9022, a large group-wide phase 2 study. 2 After a median follow-up time of 63 months for surviving patients, the median survival time for all 243 eligible patients in that study was 21 months, whereas the median DFS for the 186 (77%) who achieved a CR was 12 months. These results are consistent with those observed on the MCT arm of the current study.
In a similar way, we compared the results of the HiDAC arm of this study with the HiDAC arm of the CALGB 8525 trial. 1 In the latter study, 467 patients younger than 60 years old achieved a CR after 1 or 2 courses of conventional cytarabine and daunorubicin. One hundred fifty-six were assigned to receive HiDAC for consolidation. However, only 62% received all 4 of the planned courses. Following the HiDAC, 4 monthly maintenance courses with one dose of daunorubicin (45 mg/m 2 ) and 5 days of cytarabine (100 mg/m 2 /12 h subcutaneously) were also given. After a median follow-up time from randomization of 64 months, the estimated probability of remaining alive and disease free after 5 years was 42%, and the probability of survival after 5 years was 49%. The comparable estimates for the HiDAC arm on the present study were 35% and 44%, slightly, but not significantly, lower than the CALGB 8525 results. Although not a randomized comparison, this suggests that one additional course of HiDAC plus 4 subsequent courses of daunorubicin/cytarabine maintenance do not add appreciably to the results achieved with 3 courses of HiDAC.
Cytogenetics are important independent determinants of response in AML. When large numbers of patients receive uniform treatment, the outcomes of cytogenetically determined subsets can be compared. Previously, we have reported that HiDAC is more effective postremission therapy for CBF AML than is intermediate (400 mg/m 2 ) or conventional doses (100 mg/m 2 ) of cytarabine. 24 Pooled data from several CALGB trials including the one reported here suggest that multiple exposures to HiDAC may also improve the cure rate for certain subsets such as AML patients with t(8;21) or with inv(16) or t(16;16). 25, 26 HiDAC is not very effective for unfavorable cytogenetic subgroups, yielding a DFS of only about The DFS for the 309 randomized patients did not differ by postremission treatment arm (log-rank test, P ϭ .66). The medians were 1.1 years (95% CI, 0.9-1.7 years) for those assigned to receive 3 courses of HiDAC (solid line) and 1.0 year (95% CI, 0.9-1.3 years) for those assigned to receive sequential MCT (dotted line). Approximately 35% (95% CI, 27%-42%) survived disease free for at least 5 years after randomization to HiDAC and 30% (95% CI, 23%-37%) after randomization to MCT. The survival for the 309 randomized patients did not differ by postremission treatment arm (log-rank test, P ϭ .89). The 5-year survival proportions were 44% (95% CI, 36%-52%) for those assigned to receive 3 courses of HiDAC (solid line) and 46% (95% CI, 38%-54%) for those assigned to receive sequential MCT (dotted line).
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The interactions between a number of complex survival and resistance mechanisms determine whether AML cells are eradicated by treatment. The CALGB is currently testing different strategies designed to overcome multiple mechanisms of drug resistance, using inhibitors of p-glycoprotein (MDR1)-mediated drug efflux pathways and myeloablative chemotherapy with autologous stem cell transplantation. 27, 28 It remains to be determined whether these approaches can improve the survival of patients with AML. For personal use only. on April 13, 2017 . by guest www.bloodjournal.org From
